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During the photosynthetic growth of Rhodobacter capsulatus, electrons are conveyed from the cytochrome 

Stl 10 th 7 h *"^ center by either the periplasmic cyt c\ or tJ^taSSJ 

tl^l^x7^ T0 ^ T"^ eStab,iShed SUbcIaSS ° f bipartUe Chromes consisting of™ 
amino W-tenmna domain functioning as a membrane anchor and a carboxyl (C)-terminal domain homol- 

including Rhodobacter sphaeroides. In this work, a Cterminally epitope-tagged and hmt^^i^rR 
capsulatus cyt c was purified from intracytoplasmic membraLfto homofenenj .S^JSSS^ 
ndicated hat * q>M and thermodynamic properties are very similar to* those of other c^ecToSrZei 
™Eff!? th0S ,^ aDd P,ant mitochon ^al sources. Amino acid sequence SSSSX 

purified cyt c y revealed that its signal sequence-like N-terminal portion is uncleaved; hence, it is anX" 
the membrane. To demonstrate that the N-terminal domain of cyt c y is indeed its i^l^ ^d^SS 
quence was fused to the N terminus of cyt c 2 . The resulting hybrid c* c (MA* jSS^^ilK 
and was able to support photosynthetic growth of R. capsulatus in the absence of the cyt c y mTcSJEt 
Sc^ 

» JJ£* ^ T ndmg . S Sl T ld - n< ? W a,I ° W f0r time comparison of electron transfer prop- 

ert.es of a given electron carrier when it is anchored to the membrane or is freely diffusible in the peripfasm 



Rhodobacter species are purple, nonsulfur, gram-negative 
facultative phototrophs with a wide variety of growth modes, 
including aerobic and anaerobic respiration and photosynthe- 
sis (Ps) (30). Consequently, their electron transport chains are 
highly branched and constitute a model system for the study of 
microbial and organelle energy transduction (10). In these 
bacteria, Ps relies on cyclic electron transfer between the pho- 
tochemical reaction center (RC) and the ubihydroquinone: 
cytochrome (cyt) c 2 oxidoreductase (cyt^ complex). Transfer 
of electrons between these membrane-bound complexes is me- 
diated by the quinone pool in the lipid bilayer and by periplas- 
mic or membrane-bound c-type cytochromes outside the mem- 
brane (18). The electrochemical proton gradient thus 
produced is used for ATP synthesis, transport, and various 
forms of taxis (10). 

In wild- type Rhodobacter sphaeroides, cyclic electron transfer 
depends strictly on the presence of the periplasmic cyt c 2 
(8), while m Rhodobacter capsulatus, Ps growth occurs in the 
absence of cytc 2 (6) because of the presence of the membrane- 
bound cyt c y (encoded by cycY) (18). In a wild-type R capsula- 
tus strain like MT-1131 (Table 1), Ps electron transfer path- 
ways mediated by both the cytochromes (c 2 and c y ) are active 
simultaneously (19), and both of these cytochromes can also 
reduce the d>Z> 3 -type cyt c oxidase of this species (14) during 
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respiratory growth (15). In addition, a functional R capsulatus 
cyt c y can be introduced genetically into R sphaeroides, where 
it is able to support Ps growth in the absence of endogenous cyt 
c 2 (20). Recently, homologs of cyt c y have been encountered in 
various species, including Bradyrhizobium japonicum (4), Para- 
coccus denitrificans (43), and R sphaeroides (49). However, 
that oiR capsulatus is unique among the members of this new- 
ly described subclass of membrane-attached c-rype cytochromes 
in that it operates in both Ps and respiration (15, 19). 

Previous genetic and biochemical studies established that 
the monoheme cyt c y is composed of two domains: the carboxyl 
(C)-terminal cyt c domain (highly homologous to those of 
mitochondrial cyts c) and its amino (N)-terminal extension of 
approximately 100 amino acids (18) (see Fig. 1 and 3). The 
latter domain can be further subdivided into a proximal signal 
sequence-like hydrophobic anchor subdomain followed by a 
linker subdomain rich in proline and alanine residues. While 
the role of the cyt c domain in electron transfer is obvious, the 
function of the N-terminal domain is less clear. It has been 
proposed that the lack of processing of the signal-like subdo- 
main may cause it to serve as a membrane anchor of cyt c (18) 
and its homologs (4), but this proposal has remained untested 
until this work. Thus, to define in detail the physicochemical 
properties of it capsulatus cyt c y and to understand how it is 
attached to the cytoplasmic membrane, we have undertaken its 
purification. Here we describe the isolation and characteriza- 
tion of its biologically active, C-terminally epitope-tagged de- 
rivative (FLAGed cyt c y ). The data indicate that the redox 
midpoint potential (E m>7 ) and optical spectra of purified cyt c 
are very similar to those of the soluble cyt c 2 and correspond 
closely to its in situ properties determined previously (19, 33). 
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TABLE 1. Bacterial strains, phages, and plasmids used 



Genotype 



E. coli 
CJ236 
HB101 

XLl-Blue 

CC118 

R capsulatus 
MT-1131* 
Y262 
FJ2 
FJ5 

FJ6 

K sphaeroides 
Gadcj 

Phages 
\Trq>hoA 
VCSM13 

Plasmids 
PRK2013 
pRK415 
pRK404 

pBsn 

pFJ6 

pSH3 

pXCA601 

pFJ631 

pHMl 

pHM2 

pHM3 

pHM4 

pHM5 

pHM6 
pHM7 
pHM8 
pHM9 
pHMlO 

pHMU 

pHM12 
pA53C404 
pA89C404 
pA260C404 



dut-l ung-1 thi-1 relAl/pCJ105 (F' Cam r ) 

F proAl hsdS20 (r B " m B -) recAU ara-14 lacYl galK2 rpsLZO 

supE44 rpsL20 supE44 proA2 xyl-5 mtl-1 
recAl endAl gyrA96 thi-1 hsdr-17 supE44 relAl laclF' proAB 

lacP AM15 TnJ0(Tef)} 
phoAA20 recAl 



CHD121 Rif 

crtDUl A(cycArJcan) A{cycY:^pe) 
crtD121 A(MktVEcoRV\\spe) 

crtD121 L(MuVEcoRV\\spe) A(cycA::kan) 
art b{cycA:\$pe) 



X28(M21cI857Pam3) 
Kan r 



pBluescriptn (KS+) 
cycY on 6-kb BamBI insert 
R capsulatus cycA in pUC8 
lacZ 

1.2-kb BamHl/HindW fragment of pHMl on pRK415 
1.2-kb BamHl/Hindm fragment of pFJ61 in EcoRV site of pBSII 
1.25-kb SaO/Hindli! fragment of pSH3 in pBSII 
Like pHMl but contains EcoKl site at position 408 
0.8-kb EcoKl fragment of pHM2 ligated to 3.4-kb EcoKl fracment 
of pHM3 6 

0.8-kb EcoKl fragment of pHM3 ligated to 3.4-kb EcoRl fracment 

of pHM2 * 
Like pHMl but contains FLAGed allele of cycY 
pHM6 at Bamm site of pRK415 
1.2-kb KpnMBamm fragment of pHM4 on pRK415 
1.2-kb KpnVBamm fragment of pHM5 on pRK415 
cycY49\phoA 

cycY188:phoA 

PcycY\:lacZ in pXCA60l 
cycY with A53C mutation on pRK404 
cycY with A89C mutation on pRK404 
cycY with A260C mutation on pRK404 



J^Jn^fJ^' 1131 (R T CnD) * referred *> ^ wild type, since it is wild type with respect 
originally isolated as a green derivative of & capsulatus SB1003 (39). 



rncnoiypc 


Reference 


DurUng- 


36 




36 




S trn tn o n e 


PhoA" 


25 


Wild type 


39 


GTA overproducer 


47 


cyt c 2 ~ Cy~, Ps~ 


18 


Lacks MluVEcoRV fragment of 


This work 


pFJ6, PheA~ 




cyt c 2 ~ derivative of FJ5 


Tnis work 


Spe r , cyt c 2 ~, Ps~ 


5 


TnphoA 


25 


Helper phage 


Strata ver\e> 


Kan r , helper 


7 


Tet* 


7 


Tet* 


7 


Amp 1 


Stratagene 


Tet* 


18 


Amp r 


5 


Tet r 


1 


Tef CycY 


This work 


Amp r CycY 


io, Li i is wurK 


Amp r 


This work 


Amp r 


This u/nrV 

A Hid WUln 


Amp r , cyt MA-c 2 


This work 


Amp r 


Thi« wnrk 


Amp r , FLAGed cyt c y 


This work 


Amp r Tet\ FLAGed cyt c y 


This work 


Tet r , cyt MA< 2 


This work 


Tet r , cyt S-c y 


This work 


Cyt c y vphoA fusion at position 49, 


This work 


Tet 1 Kan r 




Cyt c y \phoA fusion at position 188, 


This work 


Tet r Kan r 




Tet r 


1; this work 


Tef Amp r 


This work 


Tet r Amp r 


This work 


Tet r Amp r 


This work 



to its cytochrome c profile and growth properties. MT-1131 was 



Moreover, purified mature cyt c still contains its N-terminal 
signal sequence-like extension, indicating that it remains at- 
tached to the membrane because of its lack of processing 
Finally, we demonstrate that the N-terminal domain of cyt c 
can also anchor to the membrane the periplasmic cyt c 2 in a 
biologically active form. Therefore, both the soluble and the 
membrane-bound forms of this electron carrier are able to 
support Ps growth of K capsulatus, 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. The bacterial strains and plasmids 
used in this work are described in Table 1. R. capsulatus and R sphaewides 



strains were grown under chemoheterotrophic or photoheterotrophic conditions 
5Ji? n iS!* ed medium (MP^E) or >n Sistrom's minimal medium A (Med A) (18, 
40). Photoheterotrophic growth on solid media used anaerobic jars and H 2 - and 
CO r generating gas packs from BBL Cyt c y was purified from cells grown 
semiaerobically in a mixed medium composed of 50% Med A and 50% MP YE, 
which yields a higher biomass (14). Escherichia coli strains were grown on Luria 
broth (LB medium), and cultures were supplemented with appropriate antibi- 
otics for plasmid selection and maintenance as described earlier (6, 18). 

Molecular genetic techniques. Standard molecular genetic techniques were as 
described earlier (18, 36). For site-directed mutagenesis of cycY, uracilated 
single-stranded DNA was isolated from E, coli am containing pHMl (Table 
1). Infection of pHMl/CJ236 with the helper phage VCSM13, isolation of single- 
stranded DNA and site-directed mutagenesis were performed according to the 
manufacturer's instructions (Stratagene). In the mutagenic primers CYM1 (5'- 
TTG GCG CAG CTA CGC GCT-3'). CYM2 (5'-GAC GAG CAG GGC TCC 
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CCC-3'), and CYM3 (5'-GGC GGG CAG GGC GGC CTC-3') leucine replaced 
methionine residues 1, 13, and 70 of cycY (numbering refers to the amino acid 

SHE 1 *, °1 part of which encodes ^ c y> ( Gen Bank accession number, 

£21797; 18). The mutagenic primer 5'-CTG CAG CTG CGC TCA CTT GTC 
ATC GTC GTC CTT GTA GTC GCG CGG CAG CGT GTT CAG-3 ' extended 
the C terminus of cyt c y with an in-frame octapeptide (N-Asp Tyr Lys Asp Asp 
Asp Asp Lys-C), which corresponds to the FLAG epitope (Scientific Imaging 
Systems, Kodak) followed by a stop codon. 

The plasmid pHM2 carries R capsulatus cycA in a 1.25-kb SaWHintiK frag- 
ment and contains an EcoRl site at position 454 of the insert, corresponding to 
glutamic acid 8 of mature cyt c 2 (Table 1). By using the mutagenic primer 5 -CTT 
GTT GAA TTC CTT CTC GCC GGC TTT CGC-3', an EcoRl restriction site 
which mverted the order of the glutamic acid 105 and lysine 106 of cyt was 
introduced by site-directed mutagenesis into cycY and yielded pHM3. These 
£coRI sites were then used to swap the cyt domains of the cytochromes c 2 and 
c y by hgating together, in the appropriate orientation, the 0.8- and 3.4-kb EcoRl 
fragments of pHM2 and pHM3. These constructions yielded plasmids pHM4 and 
pHM5, which carry hybrid cytochromes formed of the N-terminal domain of cyt 
Cy fused to cyt c 2 (cyt MA-c 2 ) and the signal sequence of cyt c 2 fused to the cyt 
c domain of cyt c y (cyt S-c y ) (Table 1). All constructs were subsequently con- 
firmed by DNA sequencing, 

DNA sequence analysis. DNA sequence analysis of the region surrounding 
cycY was done initially by manual sequencing, using a- 35 S-ATP and a USB 
Sequenase kit (18). Later on, automated sequencing and a dye terminator cycle 
sequencing kit (Amplitaq FS) from Applied Biosystems were used as specified by 
the manufacturer. Various subclones of pFJ6 (18) were used as single-stranded 
DNA templates with the following primers (shown in 5'-to-3' orientation) syn- 
thesized at DNA Synthesis Service, Department of Chemistry, University of 
Pennsylvania: BE30, TGCTCGTCGAGGATATGCAG; FR6, CGATGATGCT 
TTCGATC; BE26, TCGAGGCGGCCAGTTCCG; FR7, CATTGCGGCACCC 
AGAA; FF5, GGGCGAGGCCTATTGCC; FR8, CGCATCATCGACGCGCA: 
FF6, CGATTACCCGAAGCGCG; HM20, CTACATGCTTGACGGCT' FF7 
CAGCTACACGTTCCGCA; HM38, CCTATTCGCACGAGGCCGC; FR3, G 
GCGCCTTGGGGGGCAT; HM50, TGTGCGGGCGCATCTGG; FR5, CAC 
CAGATCGACCACCG. 

DNA analyses, predictions for segmental flexibility in amino acid sequences, 
and homology searches were done using MacVector (IBI, Kodak) and BLAST 
programs (2). The computer programs TmPred (16) and Clustal W (42) were 
used to predict the positions of the transmembrane helixes and to align se- 
quences, respectively. 

Construction of the cycYrJacZ fusion. A cycYvJacZ fusion was constructed by 
PCR donmg of the 0.2-kb pheA-cycY intergenic region into the conjugative 
promoter-probe vector pXCA601 containing an in-frame BamUl site at the 5' 
end of lacZ (1). Briefly, this region was amplified by Taq DNA polymerase with 
200 ng of the primers TF1 (5' -GCC CTG CAG GCA TTC CCC TGA CAG 
TCG-3') and TBI (5 -CCC GGA TCC GTG ATG TGC GTC TTG ACG 
AGC-3') m the presence of 20 ng of pFJ6 as DNA template, 10 mM Tris-HQ, 
1.5 mM MgCl 2 , 75 mM Kd, and a 50 u.M concentration of each deoxynucleoside 
triphosphate. The reaction mixture was incubated at 98°Cfor 30 s prior to cycling 
(30 cycles of 97°C for 30 s, 55°C for 10 s, and 72°C for 60 s), and the PCR product 
thus obtained was digested with Pstl and BamHl restriction enzymes and cloned 
into the corresponding sites of pXCA60l. The resulting plasmid, pHM12, carried 
a DNA fragment of 215 bp extending from the translational start site of pheA to 
the threonine 8 of cyt c y and yielded an in-frame cycYwlacZ translational fusion. 

Isolation of cycYlyhaA fusions. Transposition of TnphoA from phage X128 
(£>221 cI857 Pam3) into pFJ631 carrying cycY was used to isolate cycYvphoA 
fusions as described previously (25, 38). Plasmid DNA was extracted from a pool 
of Kan r colonies obtained by infection of pFJ631/CC118 with X128 and retrans- 
formed into HB101 selecting for Kan r . The resulting population was used as a 
donor in a triparental cross into the Ps~ R sphaeroides strain Gadcj (cyt c 2 ~) 
with selection under respiratory growth conditions for Kan r on Med A plates 
containing XP (5-bromo-4-chIoro-3-indolylphosphate). Blue colonies thus ob- 
tained were testedfor their abilities to grow under Ps conditions, and those that 
were Kan r Tet" Ps were analyzed by restriction digestion. The exact locations of 
the TnphoA insertions in cycY were determined by DNA sequencing with the 
oligonucleotide 5'-GCC GGG TGC AGT AAT ATC G-3' complementary to 
positions 80 to 98 of phoA. 

Chromosomal inactivation of the upstream region of cycY. The 0.9-kb EcoRVI 
Mlul fragment located immediately upstream of cycY was deleted from pFJ6 and 
replaced by the polar Spe' O cartridge (18). The resulting deletion-insertion 
mutation was introduced into the chromosomes ofR capsulatus MT-1131 (wild 
type) and MT-G4/S4 (cyt c 2 ~) by using a gene transfer agent (47) as described 
previously, yielding FJ5 and FJ6, respectively. 

Isolation of chromatophore vesicles and membrane sheets. Intracytoplasmic 
membrane vesicles (chromatophores) were prepared by using a French press 
(SLM Aminco) as described previously (14) in the presence of the protease 
inhibitors Pefaploc SC, leupeptin, and Pepstatin A as recommended by the 
manufacturer (Boehringer Mannheim, Mannheim, Germany). Membrane sheets 
were isolated from lysozyme-treated cells (21) by osmotic lysis in 10 mM K 2 P0 4 
(pH 7.4)-2 mM EDTA-0.1 mM phenylmethylsulfonyl fluoride (PMSF) buffer. 
Once the lysis was complete, catalytic amounts of DNAse (Boehringer Mann- 
heim) and 10 mM MgCl 2 were added, and mixing continued for 60 min at 4°C. 



R CAPSULATUS MEMBRANE-ATTACHED CYT c y 2625 

Membrane sheets were isolated by centrifugation at 25,000 x g for 20 min and 
washed once in the above-described buffer. To distinguish between peripheral 
and integral membrane proteins, membrane fragments were then incubated 
either with 1 M NaBr or with 100 mM 3-(cydohexylamino)-l -propane sulfonic 
acid (CAPS)-NaOH (pH 10.5) on ice for 30 min, diluted 40-fold with 30 mM 
Tns-HG (pH 8.0>-5 mM EDTA-0.1 mM PMSF-20% glycerol, reisolated by 
centrifugation at 150,000 X g for 20 min, and washed once. Supernatants con- 
taining peripheral membrane proteins (after concentration using a 3-kDa cutoff 
filter [Amicon]) and pellets containing integral membrane proteins were subse- 
quently analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Protein assays were done by the method of Lowry et al. (23), with 
bovine serum albumin as a standard. 

Purification of FLAGed cyt c r An epitope-tagged derivative of cyt c, (FLAGed 
cyt c y ) was purified from chromatophores of pHM7/FJ2 (Table 1), and all 
manipulations were performed at 4°C. Chromatophore membranes were solu- 
bilized with 1% (wt/vol) dodecyl maltoside (DM) (Anatrace, Maumee, Ohio) in 
a buffer containing 50 mM Tris-HQ (pH 9.0), 30 mM KQ, 2 mM EDTA, and 
10% (wt/vol) glycerol in the presence of the protease inhibitors listed above (14). 
Solubilized proteins were loaded directly onto a DEAE-Sepharose 6B-CL (Phar- 
macia) anion-exchange column equilibrated with 30 mM KQ-50 mM Tris-HQ 
(pH 9.0)-2 mM EDTA-0.1 mM PMSF-0.01% (wt/vol) DM-10% glycerol. After 
extensive washes with this buffer, the pH of the washing solution was decreased 
to 8.0, and cyt c y was eluted in two steps with 100 and 150 mM KG in the 
above-descnbed buffer. The 100 mM KQ fraction contained the majority of cyt 
Cy, as judged by dot blot assays using monoclonal antibody M2, which specifically 
recognizes the FLAG epitope. This fraction was concentrated using Centriprep 
50 units (50-kDa molecular mass cutoff limit; Amicon), while the 150 mM KQ 
elution fraction was discarded. The concentrated sample was dialyzed overnight 
against 50 mM Tris-HQ (pH 7.4)-150 mM NaQ (TBS buffer) and applied to a 
monoclonal antibody M2 affinity column (bed volume, 1.8 ml). The column was 
washed extensively (approximately 40 bed volumes) in TBS buffer with 0.01% 
DM, and FLAGed cyt c y was eluted with 0.1 M glycine-HQ (pH 3.0) buffer 
containing 0.01% DM. Fractions (1 ml each) were collected directly into tubes 
containing 100 uJ of 1 M Tris-HQ (pH 8.0), and those fractions containing 
FLAGed cyt c y were pooled, dialyzed against TBS buffer containing 10% glyc- 
erol, concentrated as described above, and stored at -80°C In a typical exper- 
iment, from 10 g (wet weight) of cells of pHM7/FJ2, approximately 200 mg of 
solubilized membrane proteins and 0.5 mg of >95% pure cyt Cy (estimated by 
densitometric traces of Coomassie brilliant blue-stained SDS-PAGE gels) was 
obtained after DEAE-anion-exchange and anti-FLAG affinity chromatography. 

SDS-PAGE, Western, and dot blot analyses. SDS-PAGE was performed as 
described elsewhere (37) with 16.5 or 10% polyacrylamide gels. Samples were 
solubilized in 2% SDS-5% 3-mercaptoethanoI and incubated either for 15 min 
at 75°C for Coomassie staining and Western blots or for 5 min at 37°C for 
visualization of c-type cytochromes with 33'^'-tetramethyIbenzidine (TMBZ) 
(41). Western and dot blot analyses used the M2 antibody (5 u.g/ml) that recog- 
nizes a carboxyl-terminus-located FLAG epitope (Scientific Imaging Systems, 
Kodak). Immunocomplexes were detected by using horseradish peroxidase-con- 
jugated goat anti-mouse secondary antibodies (Boehringer Mannheim), and 
diaminobenzidine was used as a peroxidase substrate enhanced with NiQ 2 . 

Spectroscopic analysis. Optical difference spectra of purified cyt Cy (ascorbate 
reduced minus ferricyanide oxidized) were taken as previously described (14), 
and the concentrations of the c-type cytochromes were estimated from the 
reduced minus Jhe oxidized spectra, using an absorption coefficient 6550.540 of 
20.0 mM cm *. Potentiometric equilibrium titration of the heme group of cyt 
Cy was carried out as described by Dutton (9), and an for cyt c y was deduced 
by fitting normalized absorbance differences (A 551 minus A^) to a single n = 1 
Nernst equation. 

Amino acid sequencing of cyt c y and determination of its molecular weight by 
electrospray mass spectroscopy. Amino acid sequence analysis of purified cyt c y 
was performed by automated Edman degradation using an Applied Biosystems 
model 470A sequencer run according to the manufacturer's specifications as 
described elsewhere (14). After SDS-PAGE and electroblotting of the sample to 
a polyvinylidene difluoride membrane, protein bands present were visualized 
using Coomissie brilliant blue, and cyt identified by anti-FLAG M2 antibody 
was either subjected directly to N-terminal amino acid sequencing or treated with 
trypsin. Peptides resulting from trypsin treatment were separated by high-pres- 
sure liquid chromatography (HPLC) and then sequenced. 

Electrospray mass spectrometry was performed with a VG 30-250 quadrupole 
mass spectrometer equipped with the manufacturer's electrospray source (Fisons 
Instruments). Spectral data were acquired over an mlz range of 600 to 1,600/10 
s. On-line HPLC purification of cyt Cy was done using a Waters prototype 
capillary HPLC system with a capillary column (dimensions, 300 jun [inside 
diameter] by 15 cm) obtained from LC Packings (Amsterdam, The Netherlands) 
and used with a flow rate of 2.1 uJ/min. The mobile phase consisted of 0.12% 
trifluoroacetate (solvent A), and acetonitrile-water (95/5) with 0.1% trifluoroac- 
etate (solvent B). After injection of the sample, the column was washed with 
solvent A for 15 min and then by a gradient of solvent B (0 to 100%) for 20 min. 

Chemicals. All chemicals, unless otherwise noted, were of reagent grade and 
were obtained from commercial sources. Redox mediators were purchased as 
described elsewhere (14), and * -dodecyl p-D-maltoside was from Anatrace. 
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FIG. 1. Physical and genetic maps of the chromosomal region surrounding cycY indicate that this gene is monocistronic A(Af/«I/EcoRV::Spe), indicating the 
chromosomal deletion in strains FJ5 and FJ6, is shown upstream of cycY. Also indicated are some features of the pheA-cycY intergenic region, shown to be sufficient 
to govern the synthesis of the promoterless lacZ under respiratory and Ps growth conditions. RBS, ribosome binding site; -35 (<r 70 ), putative -35 region(s) of the cycY 
promoter. Arrows indicate the secondary structures observed. 



RESULTS 

Physical organization of genes surrounding cycY of R cap- 
sulatus. R capsulatus cycY was previously mapped to the cos- 
mid 2C8 of the ordered cosmid library of this organism (12). 
Determination of the DNA sequence immediately upstream of 
cycY revealed the presence of an open reading frame (ORF) 
homologous to the chorismate mutase/prephenate dehydratase 
gene (pheA) of several bacterial species (11). This enzyme 
converts chorismate to prephenate, a precursor for phenylala- 
nine and tyrosine biosynthesis (44). To establish the function 
of this ORF, the approximately 900-bp MluUEcoRV DNA 
fragment upstream of cycY (Fig. 1) was inactivated by interpo- 
son mutagenesis using a gene transfer agent as described in 
Materials and Methods. The resulting mutant, FJ5, grew well 
on enriched medium under Ps and respiratory (Res) growth 
conditions but was unable to do so on minimal growth medium 
unless phenylalanine was added as a supplement. This finding 
confirmed that this ORF is involved in the biosynthesis of 
aromatic amino acids, so it was named pheA in agreement with 
its homologs in other bacterial species (Fig. 1). In addition, 
since pFJ62 carrying the 2.0-kb MluUBamHL fragment up- 
stream of cycY complemented FJ5 to prototrophy, it was con- 
cluded that the entire pheA must be contained within this 
fragment of DNA (18). 

Unexpectedly, FJ6, which is an otherwise isogenic cyt c 2 
derivative of FJ5, was unable to grow by Ps on enriched me- 
dium or on minimal medium supplemented with phenylala- 
nine. Considering that MluUEcoRV deletion leaves cycY intact 
and that the adjacent MluVPstl fragment complements FJ2 
(cyt c 2 ~~ c y ~) for Ps + growth when carried by a multicopy 
plasmid such as pFJ63 (Fig. 1) (18), it is not clear why FJ6 
carrying an intact chromosomal copy of cycY is Ps" unless the 
region surrounding the Mlul site affects its regulation (Fig. 1). 
That the pheA-cycY intergenic region upstream of cycY indeed 
contains the expression region of cycY was confirmed by its 
fusion to a promoterless lacZ reporter gene. R capsulatus 
MT-1131, which contains this construct, yielded blue colonies 
on X-Gal (5-bromo-4-chioroO-indolyl-3-D-galactopyranoside) 
plates under aerobic and Ps growth conditions (data not 



shown). The molecular basis for the effect of a ^(Mlul-EcoRV) 
mutation on cycY regulation is currently under study and will 
be reported elsewhere. 

Neither the function of ORF2 immediately downstream of 
cycY nor the functions of the ORFs following it (homologs of 
E, coliyejA and yejB, encoding a hypothetical ABC-type ATP- 
dependent transport operon) are currently known. Moreover, 
their insertional inactivation has no detectable effect on Ps + or 
Res + growth of a wild-type R capsulatus strain or of its cyt c 2 ~ 
derivative. Therefore, these ORFs are apparently not essential 
for Ps electron transport in this species under the growth 
conditions used. Finally, note that the overall genetic organi- 
zation of the genes surrounding cycY (Fig. 1) is conserved 
between R capsulatus and R sphaeroides (49). 

Translational initiation of R capsulatus cycY. The N-termi- 
nal region of cycY contains five ATG codons (corresponding to 
residues Met-1, -6, -13, -38, and -70 of ORF1) (18) that could 
each possibly serve as its initiator codon. Of these, Met-1, -13, 
and -70, which are preceded by ribosome binding-like se- 
quences, were replaced with leucine by site-directed mutagen- 
esis, and the resulting mutants were tested for their abilities to 
produce cyt c y and complement FJ2 to a Ps"*" growth phenotype 
(data not shown). Of these substitutions, only Metl3Leu com- 
pletely abolished the production of cyt c^, suggesting that the 
corresponding codon is the likely translation initiator of cycY. 
That this methionine is indeed the first amino acid of cyt c y was 
confirmed by N-terminal amino acid sequencing of purified cyt 
c y (see below), and hereafter, it was used as position 1 to 
number the amino acids of cyt c r Accordingly, cycY encodes a 
protein of 199 amino acids with a calculated molecular mass of 
20.6 kDa for the apoprotein, and its first 28 residues form a 
prokaryotic signal sequence-like motif (34) (Fig. 2). 

Cellular localization and topology of cyt c y To establish that 
cyt c y is indeed an integral membrane protein, membrane 
sheets isolated from R capsulatus MT-1131 were first treated 
either with an alkaline buffer (pH 10.5) or a chaotropic agent 
(1 M NaBr) as described in Materials and Methods. Neither 
one of these treatments removed cytochrome c y or ■c 1 of the cyt 
bc x complex from the membrane (data not shown). Since cyt c t 
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is a known integral membrane protein, it was therefore con- 
cluded that cyt c y must also be one. 

Next, to probe whether the cyt c domain of cyt c y is facing 
toward the periplasm, as suggested by its electron carrier func- 
tion, two cycY::phoA fusions located at residues 49 and 188 of 
cyt c y (Fig. 2) were obtained as described earlier. These in- 
frame fusions produced active alkaline phosphatases, which 
indicated that the amino acid residues located at least beyond 
position 49 of cyt c y were translocated to the periplasm (25). 
Moreover, various computer programs designed to predict the 
membrane topology of proteins identified only one putative 
membrane-spanning helix in cyt c y (between residues 7 and 28 
and overlapping with its signal sequence). We therefore con- 
cluded that cyt c y must be anchored to the membrane by this 
helix, leaving a short N-terminal extension in the cytoplasm. 

Purification and biochemical characterization of cyt c y 
Next, isolation of cyt c y was necessary in order to define its 
physicochemical properties as well as to investigate its mode of 
membrane attachment. Since the amount of cyt c y in cells is 
limited, an epitope-tagged version of it was prepared to aid in 
its purification. The C-terminal ends of class I cyt c usually 
extend away from the core part of the protein, allowing them 
to be extended by additional residues (27). Thus, an epitope- 
tagged derivative of cyt c y was constructed by fusing the highly 
antigenic FLAG epitope to the C-terminal end of cyt c r The 
resulting FLAGed cyt c y was produced in a biologically active 
form in both K capsulatus FJ2 (cyts c 2 ~ c~) and K sphaeroides 
Gadc 2 (cyt c 2 ) and was able to complement for Ps + growth 
both of these mutants with an efficiency comparable to that of 
its wild-type counterpart (data not shown). TMBZ/SDS-PAGE 
(heme staining) and Western blot analyses of strains producing 
FLAGed cyt c y revealed that among the membrane-associated 
TMBZ-stained bands, only that of 29 kDa was shifted to an 
apparent molecular mass of ~31 kDa. This band, which is 
eliminated when cycY is deleted, was also recognized with 
anti-FLAG antibodies and was therefore identified positively 
as the mature and functional form of cyt c y (Fig. 3A and B). 

The FLAGed cyt c y , purified from DM-soIubilized chro- 
matophore membranes by immunoaffinity chromatography, 
ran as a single polypeptide on SDS-PAGE gels with the Tris/ 
Tncme gel system (Fig. 3C) if the sample was treated at 75°C 
in SDS-Ioading buffer for 15 min prior to loading. However, 
when denaturation was carried out at 37°C instead of 75°C, two 



major bands of 26 and 31 kDa were observed (not shown). This 
indicated that, like many membrane proteins, cyt c y runs as 
multiple forms on SDS-PAGE gels and explained why the 
deletion of cycY was previously found to correlate with the 
elimination of more than one TMBZ-stained band (18). 

The ascorbate-reduced absolute spectrum of purified cyt c 
has symmetric absorption maxima at 551, 521, and 417 nm* 
while the ferricyanide-oxidized absolute spectrum has a maxi- 
mum at 409 nm (Fig. 4A). These values are similar to those of 
many mitochondrial class I c-type cytochromes which have the 
Cys-Xaa-Yaa-Cys-His heme-binding motif and a distal methi- 
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FIG. 3. (A) TMBZ/SDS-PAGE analysis of c-type cytochromes from various 
R capsulatus strains obtained from cells grown on enriched MPYE medium (300 
ixg of membrane proteins were loaded per lane). Lane 1, MT-1131 (wild type)- 
lane 2, FJ2 (cyt c 2 cyt c y ~); lane 3, pHM7/FJ2 (FLAGed cyt c,). Note that the 
addition of the FLAG epitope increases the apparent mass of cyt c, by approx- 
imately 2 kDa. (B) Western blot analysis using anti-FLAG M2 antibody (5 u-g/ 
ml). After electrophoretic transfer of proteins onto a polyvinylidene difluoride 
membrane, FLAGed cyt c y was detected with horseradish perowdase-conjugated 
secondary antibody with NiCl 2 -enhanced 3,3'-diaminobenzidine as the substrate 
Une 1, MT-1131; lane 2, pHM7/FJ2. (C) SDS-PAGE analysis and immunoblot 
of isolated cyt c r Une 1 corresponds to prestained molecular mass (MW) 
markers (BioRad) in kilodaltons. Lane 2 contains 6.6 \l% of purified protein 
stained with Coomassie brilliant blue (CBB), and the protein band (-31 kDa) 
present in this sample can also be recognized with anti-FLAG antibody (lane 3 
2.1 u,g of protein). 
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onine residue as the sixth ligand of the heme iron (27). Al- 
though the so-called "charge transfer band" at approximately 
695 nm that is indicative of this distal Met ligand is not visible 
in the optical spectra of purified protein (probably because of 
the low concentration of cyt c used), all the liganding residues 
are conserved m cyt c y according to alignments of its sequence 
with mitochondrial cyt c such as those from horse heart and 
tuna (Fig. 2). Finally, potentiometric equilibrium titration of 
the heme group of cyt c y indicated that its E m 7 is around +365 



mV in the presence of 100 mM KC1 at pH 7.0 (Fig 4B) This 
value is approximately 100 mV more positive than that of the 
equine cyt c but is practically identical to that of cyt c 2 from 
phototrophs, including R capsulatus. It is also in excellent 
agreement with the values previously determined using chro- 
matophores of R capsulatus mutant MT-GS18 lacking both cyt 
c 2 and cyt c x (31, 48). Thus, the thermodynamic properties of 
the membrane-bound cyt c y are similar to those of cyt c 2 both 
in membranes (in situ) and in the purified state (in vitro) 

Cyt c y is anchored to the membrane by its unprocessed 
N-terminal helix. One of the purposes behind the purification 
of cyt c y was to determine whether its signal sequence-like 
N-terminal portion is processed during its translocation into 
the periplasm. The N-terminal amino acid sequence obtained 
using purified cyt c y and shown in Fig. 2 confirmed the trans- 
lation^ start site inferred by the site-directed mutagenesis 
experiments described earlier and indicated that the mature 
form of cyt c y is not processed. To eliminate the possible 
presence of any major posttranslational modification in cyt c 
purified protein was also subjected to electrospray mass spe£ 
trometry. This analysis (data not shown) indicated a molecular 
mass of 22,299 ± 5.7 Da for purified cyt c r which is only 11 Da 
higher than the calculated molecular mass of the FLAGed 
version of holo cyt c y (22,288 Da). The small difference, which 
could be due to some minor modifications such as the meth- 
ylation of a lysine residue at an unknown position, is consistent 
with the lack of any N-terminal processing during the matura- 
tion of cyt c r Moreover, it clearly is not compatible with the 
posttranslational addition of a diacyl fatty acid or other, larger 
fatty acids known to serve as membrane anchors for some 
cytochromes such as cyt c 551 of the thermophilic bacterium PS3 
(13) or the tetraheme cyt c subunit of the Rhodopseudomonas 
vmdis RC (46). 

The N-terminal domain of if. capsulatus cyt c y is sufficient to 
anchor the periplasmic cyt c 2 to the membrane. On the basis of 
the overall findings described above, we reasoned that if the 
N-terminal extension of cyt c y indeed anchors it to the mem- 
brane, then it should also be able to do that for a known 
periplasmic electron carrier such as cyt c 2 . This prediction was 
tested by creating a hybrid cyt c formed of the N-terminal 
extension of cyt c and the mature form of cyt c 2 , as described 
in Materials and Methods and the legend to Fig 5A. The 
resulting chimeric cyt, MA^ 2) complemented FJ2 (cyts c 2 ~ 
c y ) and Gadcz (cyt c 2 ) to a Ps + growth phenotype, and 
immunoblot analyses of the membrane sheets derived from the 
former strain by using polyclonal antibodies against cyt c? 
demonstrated that cyt MA-c 2 remained membrane attached 
(i^ig. 5B). This finding established that the N-terminal exten- 
sion of cyt c y is sufficient to anchor cyt c 2 to the membrane. 
Further, since the Ps doubling time (153 ± 16 min) on en- 
riched MPYE medium of pHM8/FJ2 carrying this chimera is 
comparable to that of the R capsulatus mutant FJ1 lacking cyt 
c y (133 ± 11 mm under identical conditions) (18), then this 
membrane-anchored form of cyt c 2 apparently supports Ps + 
growth as efficiently as its soluble wild-type counterpart does 
On the other hand, the hybrid cyt S-c (where the N-terminai 
extension of cyt c y is deleted) was unable to do so and was not 
further investigated. 

DISCUSSION 

In this work, the R capsulatus membrane-attached electron 
carrier cyt formed of a cyt c domain preceded by an ap- 
proximately 100-amino-acid-long N-terminal anchor-linker do- 
main (Fig. 2) and its structural gene, cycY, were studied in 
detail. First, the initiator codon of cycY and the cellular loca- 
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tion of cyt c y were defined by using site-directed mutagenesis 
and phoA fusions. Mutational analysis indicated that the R 
capsulatus cycY, like that of R sphaeroides, is surrounded by 
genes that are not required for Ps. The finding that a cycYwlacZ 
fusion carrying the 5' upstream pheA-cycY intergenic region 
was able to produce an active p-galactosidase indicated that 
the promoter(s) of cycY must be located in this region. Note 
that there are two putative a 70 -like -35 sequences situated 65 



and 185 bases upstream of the translational start site of cycY 
that are separated by the MM site used to create the A(MwI/ 
Ea>RV::Spe) mutation (Fig. 1). The first 90 bp of this region, 
extending from the ATG start codon of cycY to the Mlu\ site, 
is able to direct the synthesis of enough cyt c y to support Ps + 
growth of R capsulatus FJ2 (cyts c 2 ~ and c y ) when it is pres- 
ent in multiple copies (i.e., pFJ63) (18) but not in a single copy 
(i.e., FJ6). Thus, whether multiple and possibly differentially 
regulated cycY promoters govern the expression of cyt c y> as is 
the case for R sphaeroides cyt c 2 (24), is an intriguing issue for 
future studies. 

During this work, cyt c y protein was purified to homogeneity 
by affinity chromatography after its carboxyl terminus had been 
tagged with the FLAG epitope. The overall data obtained us- 
ing purified material established that the N-terminal domain of 
cyt Cy is unprocessed during its translocation to the periplasm, 
leaving it anchored to the membrane. This domain was 
also sufficient to anchor the periplasmic cyt c 2 into the lipid 
bilayer, yielding a functional chimeric cyt MA-c 2 . Future anal- 
ysis of the electron transfer properties of cyt MA-c 2 and its 
comparison to the soluble cyt c 2 should yield extremely valu- 
able information on how anchoring an electron carrier to the 
membrane affects its electron transfer properties. It was ob- 
served that the purified FLAGed derivative of cyt c y runs on 
SDS-PAGE with an apparent molecular mass of 31 kDa in 
contrast to its actual molecular mass of 22.3 kDa as determined 
by mass spectrometry. This anomalous migration behavior ap- 
pears to be caused by the N-terminal domain of cyt since the 
apparent molecular mass of cyt MA-c 2 formed from this do- 
main and cyt c 2 was also 31 kDa (instead of its calculated mass 
of 22.1 kDa) (Fig. 5). 

Earlier experiments performed using chromatophores have 
suggested an a peak maximum of 551 to 552 nm (reduced 
minus oxidized) and an En, 7 of ~345 to 360 mV for the native 
cyt c y (19, 21, 33, 48). The properties of the purified FLAGed 
derivative of cyt c y are in close agreement with these values and 
are similar to those of cyt c 2 , indicating that addition of the 
FLAG epitope does not drastically change the characteristics 
of cyt c y . Thus, the different rates of electron transfer to the RC 
from cyt c 2 (approximately 250 |xs) (19) and cyt c y (less than 
100 p&) (33) may be a reflection of their different modes of 
interaction with their redox partners. In particular, since the 
membrane association of cyt necessarily limits its diffusion to 
the plane of the plasma membrane, it is not clear how it inter- 
acts with the RC, although the relatively long and flexible 
linker arm of cyt c y may somehow facilitate the interaction 
(Fig. 2). At this point, the details of the physical interactions 
between the RC, cyt c y9 and the cyt bc x complex both in vivo 
(18) and in vitro are not well understood. Considering that the 
RC in Ps membranes might be surrounded by a ring of light- 
harvesting I complexes (22), the finding that cyt MA-c 2 can 
also support Ps + growth of FJ2 (cyt c 2 " c y ~~) is intriguing. 
Moreover, considering that the N-terminal domains of various 
homologs of cyt c y have similar hydrophobicity profiles, it is not 
clear why some of them, like that of R sphaeroides, are inca- 
pable of supporting Ps growth. 

The earlier finding that on enriched MPYE medium the 
steady-state presence of cyt c y in intracytoplasmic membranes 
is dependent on the presence of cyt bc x suggests a close inter- 
action between these proteins (19). This situation is reminis- 
cent of that described for Saccharomyces cerevisiae, in which 
increased degradation of cyt c in the absence of its physiolog- 
ical partners was seen (29). Note that for R denitrificans, a 
supercomplex formed by the cyt bc x complex, cyt c 552 (a ho- 
molog of cyt c y ) t and the cyt aa 3 oxidase has been purified 
under specific conditions (3). Interestingly, the recent resolu- 
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tion of the three-dimensional structure of the P. denitrificans 
cyt aa 3 oxidase revealed that two helical bundles of subunit III 
form a cleft, possibly constituting a docking site for the mem- 
brane anchor of cyt c 552 (17). Thus, the possibility that cyt c y 
interacts closely with the RC and the cyt bc x complex to opti- 
mize electron transfer requires further attention. 

Why bacteria like/?, capsulatus have soluble and membrane- 
bound isoforms of cyt c to connect the cyt bc 1 complex to the 
RC or to cyt cbb 3 (15, 18) is not known. Yet, cyt c y homologs 
have been encountered in P. denitrificans (43), B. japonicum 
(4), Nitrobacter vinogradskyi (28), R. sphaeroides (49), and pos- 
sibly RhodospiriUum rubrum (27a). Their presence is also an- 
ticipated in many other phototrophic bacteria, especially in 
those apparently lacking the soluble electron carrier cyt c 2f 
such as members of the genera Rhodoferax, Rhodocyclus, Chro- 
matium, Ectothiorhodospira, and Heliobacterium (26). Thus, it 
could be argued that electron transfer via cyt c y to the RC is 
more efficient during multiple turnovers because of the lack of 
any diffusible periplasmic components (19, 33, 45). On the 
other hand, it is not known whether cyt c 2 and cyt c y are used 
preferentially under yet to be determined specific growth con- 
ditions or whether two physically distinct pools of RC or cyt 
cbb 3 oxidase "committed" to interact with different electron 
carriers exist in various species, including R capsulatus. Fi- 
nally, note that cyt c 2 is also an essential electron carrier in vivo 
during anaerobic respiratory growth in the presence of nitrous 
oxide as an electron sink (35). In any event, clearly, Rhodo- 
bacter species continue to provide an attractive model system 
for understanding how the different electron carriers function 
to support maximal electron transport during various growth 
modes. 
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